stimulated AC-II activity in the absence of activated a,, provided that the cells were treated with 100 nM phorbol 12-myristate 13-acetate.
Signal processing is a complex and vital function of the nervous system. Many external signals in the form of neurotransmitters and hormones have to be integrated and processed by the neurons. An example of how intracellular macromolecules convert extracellular signals into a unified message is given by the type II isoform of adenylyl cyclase (AC-II), which is abundant in the brain (Feinstein et al., 1991) . AC-II is known to process coincident signals from receptors that are coupled to G,-, G,-, or G,-proteins (Lustig et al., 1993) . Like the other adenylyl cyclase isoforms, the type II enzyme can be directly stimulated by the GTP-bound cy subunit of G, (Tang and Gilman, 1992) . Activation of AC-II via the Gi pathway is more complex. In the current mechanistic model, activation of a G,-coupled receptor leads to the release of Pr subunits from Gi, and the freed Pr subunits can then stimulate AC-II. However, it was found that the presence of activated G,, is absolutely required for the /?y subunits to stimulate AC-II (Federman et al., 1992) . Thus, when both G,-and G,-regulated pathways are simultaneously stimulated, the activity of AC-II is enhanced.
Among the various G,-coupled receptors, the dopamine-D,, adenosine-A,, p-and S-opioid, melatonin-lc, complement factor C5a, and formyl peptide receptors are able to stimulate the AC-II in the presence of activated G,, (Federman et al., 1992; Tsu et al., 1995a,b; Yung et al., 1995; Chan et al., 1995) . Activation of the G,-coupled pathway alone does not stimulate the type II activity at all. Recent studies suggest that the G,-proteins can exert an inhibitory influence on the type II enzyme (Chen and Iyengar, 1993) .
AC-II can also be activated by external signals that are routed through protein kinase C (PKC). Both phorbol esters (Jacobowitz and Iyengar, 1994) and agonists that act on G,-coupled receptors (Lustig et al., 1993) are known to stimulate AC-II. These stimulatory effects are attributed to the activation of PKC. It has been shown that type II as well as type VII adenylyl cyclases are activated after phosphorylation by PKC (Jacobowitz et al., 1993; Watson et al., 1995) . The phorbol ester-induced stimulation of AC-II is distinct from that seen with o(, and Pr subunits, and synergistic effects arising from the two pathways have been reported (Lustig et al., 1993) . Although acting via different mechanisms, signals generated from G,-and G,-coupled receptors nevertheless can converge on the AC-II. In the present investigation, we asked whether AC-II can integrate coincident signals from Giand G,-coupled receptors. Our results indicate that receptors coupled to Gi-and G,-proteins can stimulate AC-II in a synergistic manner, thereby providing another level of complexity in the regulation of intracellular CAMP. (Wong et al., 1991 (Wong et al., , 1992 The 293 cells were maintained in Eagle's minimum essential medium (MEM) supplemented with 10% fetal calf serum (v/v), 50 U/ml penicillin, and 50 pg/ml streptomycin in a humidified atmosphere at 37°C in 5% CO,. COS-7 cells were kept in DMEM containing 10% fetal calf serum. DEAE-dextran-mediated transfection of 293 and COS-7 cells on 12.well plates has been described previously (Tsu et al., 1995a) . All cDNAs used in the transfection were purified by Qiagen chromatography.
MATERIALS AND METHODS
CAMP accumulation.
Twenty-four hours after transfection, 293 cells were labeled with [3H]adenine (1 @/ml) in growth medium for 16-20 hr with or without PTX (100 ngiml). The labeled cells were rinsed once with 2 ml of assay medium (MEM containing 20 mM HEPES, pH 7.4) and incubated at 37°C for 30 min with 1 ml of assay medium containing 1 InM 1-methyl-3-isobutylxanthine and the indicated drugs. Intracellular [3H]cAMP was isolated by sequential chromatography as described previously (Saloman et al., 1974; Wong, 1994 (Federman et al., 1992; Tsu et al., 1995a,b; Yung et al., 1995; Chan et al., 1995) . For /3r subunits to stimulate AC-II, the GTP-bound 01 subunit of G, must also be present (Federman et al., 1992; Taussig et al., 1994) . Such a requirement allows the cell to integrate extracellular signals generated through G, and other G-protein pathways into the intracellular messenger CAMP. The absolute requirement of activated G, suggests that the G,-coupled pathway acts as the major circuitry control. Recent reports indicate that the G,-coupled pathway has stimulatory influence on AC-II (Lustig et al., 1993; Koch et al., 1994) . Activated PKC phosphorylates and stimulates AC-II (Jacobwitz and Iyengar, 1994). We therefore examined whether Gi-and G,-coupled pathways can converge on AC-II by reconstructing all or part of these pathways in transfected 293 cells. The 293 cells were cotransfected with cDNAs encoding AC-II and a G,-coupled receptor, in the absence or presence of the mutationally activated o(,-Q227L (Masters et al., 1989) and assayed for cAMP accumulation.
As reported previously (Tsu et al., 1995a) , the G,-coupled fMLP receptor was unable to stimulate AC-II in the absence of o(,-Q227L (Fig. 1) or AC-II (data not shown). The provision of o(,-Q227L allowed the fMLP receptor to activate the AC-II in an agonist-dependent and PTX-sensitive manner (Fig. 1) . Interestingly, previous treatment of the transfected 293 cells with 100 nM of phorbol 1Zmyristate 13-acetate (PMA) for 10 min allowed fMLP to stimulate AC-II, even in the absence of a,-Q227L (Fig.  1 ). In agreement with previous findings (Jacobowitz et al., 1993; Koch et al., 1994) PMA treatment also raised the basal AC-II activity by approximately sixfold. On the contrary, transfected 293 cells that had been treated with the inactive 4-c-PMA (100 nM for 10 min) did not respond to IMLP, nor did they exhibit an elevated basal activity for AC-II (Fig. 1) . The fMLP-induced stimulation of AC-II in PMA-treated cells was mediated via G,-proteins because PTX effectively abolished the response (Fig. 1) .
To test whether the permissive effect of PMA on the fMLP receptor is receptor-specific, we repeated the experiments using other G,-coupled receptors. or the 6-opioid receptor, no agonist-induced stimulation of AC-II was observed (Fig. 2) . In contrast, significant stimulation of AC-II activity was obtained in cells treated with 100 nM PMA (Fig. 2) . PMA treatment increased the basal AC-II activity by three-to eightfold, and the agonist-induced responses were blocked by PTX (Fig. 2) . Hence, it appears that receptors for (100 @ml a variety of ligands (catecholamines, neuropeptides, or chemotactic factors) can stimulate AC-II via a G,-linked mechanism that is dependent on PKC activation. The involvement of PKC was examined further with the kinase inhibitor staurosporin. The 293 cells were cotransfected with cDNAs encoding the dopamine-D, receptor and AC-II and then assayed for the synergistic effect of PMA and dopamine on CAMP accumulation. As illustrated in Figure 3 , when the transfected cells were pretreated with 500 nM staurosporin for 30 min before the PMA treatment, the ability of dopamine to stimulate AC-II activity was completely abolished. Moreover, the elevated basal activity that normally accompanies PMA treatment was absent in cells pretreated with staurosporin (Fig. 3) ; staurosporin did not affect the basal activity of AC-II. Collectively, these results indicate that in the absence of GTP-bound CX$, activation of PKC is required for G,-mediated stimulation of AC-II.
Synergistic effects of G,-and G,-coupled receptors on AC-II activity If activation of PKC is required for the G,-mediated stimulation of AC-II, then agonists acting on G,-coupled receptors should be able to mimic the effects of PMA. We transfected 293 cells with cDNAs encoding the AC-II, the ml-muscarinic receptor, and either the fMLP or dopamine-D, receptor. Activation of the ml-muscarinic receptor by 200 ~IVI carbachol (CCh) increased CAMP accumulation by approximately eightfold (Fig. 4) . The CCh effect has been attributed previously to the phosphorylation of AC-II (Jacobowitz et al., 1993) . On the contrary, agonists acting on the fMLP or dopamine-D, receptors had little or no effect on the activity of AC-II (Fig. 4) . In the presence of 200 PM CCh, both fMLP and dopamine were able to stimulate AC-II activity, and the formation of CAMP was elevated by -100% compared with that obtained with CCh alone (Fig. 4) . Similar results were obtained when we replaced the ml-muscarinic receptor with the bombesin receptor, another G,-coupled receptor. As shown in Figure 4 , simultaneous activation of bombesin and dopamine-D, receptors significantly increased CAMP accumulation beyond that seen in the presence of bombesin alone. It is of interest to note that the magnitude of synergism between G,-and G,-coupled receptors on the activity of AC-II was similar to that seen with n Basal q G,,-R agonist q Gi-R agonist &j G$Gq-R agonists PMA and G,-coupled receptors. Other G,-coupled receptors such as those for angiotensin II and cholecystokinin can substitute for the ml-muscarinic and bombesin receptors (our unpublished data).
Stimulation of AC-II by G-protein fly subunits Although not unequivocally proven, it is generally assumed that the G,-coupled receptors stimulate AC-II via the actions of /3r subunits (Tang and Gilman, 1991) . Stimulation of AC-II by different G-protein /3r subunits, in the presence of activated Gas, has been well documented (Federman et al., 1992; Taussig et al., 1994; Ueda et al., 1994) . In all previous reports, GTP-bound (Y, was absolutely required for the Pr actions on AC-II. It is therefore pertinent to examine whether PMA can replace activated CY, and permit Pr subunits to stimulate AC-II. As a control, 293 cells were cotransfected with cDNAs encoding the AC-II and cu,-Q227L in the absence or presence of different combinations of /3r complexes. Coexpression of AC-II and CK,-Q227L with either /3irZ or &y2 in 293 cells produced cells that exhibit increased basal CAMP accumulation (Fig. 5) . In the absence of a,-Q227L, none of the /3r complexes stimulated AC-II (data not shown). However, similar studies using &y2 did not produce cells with elevated CAMP levels (Fig. 5) . These results are consistent with previous findings that the former two combinations, but not &y2, were able to yield functional fly complexes (Itiiguez-Lluhi et al., 1992; Pronin and Gautam, 1992; Schmidt et al., 1992; Ueda et al., 1994 ) that can activate AC-II in the presence of GTP-bound (Y, (Tsu et al., 1995a) . To bypass the requirement of GTP-bound (Y,, 293 cells coexpressing AC-II and Pr complexes were incubated with 100 nbt PMA for 10 min before the CAMP assays. Compared with control (cells transfected with AC-II and vector), the PMA-induced stim- ulation of basal CAMP accumulation was significantly higher in cells coexpressing AC-II and either ply2 or p2y2 (Fig. 5) . Again, coexpression of AC-II with pay2 was without effect. Thus, PMA appeared to allow viable /3y subunits to stimulate AC-II, which otherwise would require the presence of activated (Y,.
One of the hallmarks of py-mediated signal transduction in mammalian systems is its weaker potency in eliciting the response. Compared with responses mediated by G-protein (Y subunits, a lo-fold higher concentration of j3y subunits might be required (Lee et al., 1993) . For both fMLP and &opioid receptors, the EC,, values for agonist-dependent, @y-mediated stimulation of phospholipase C are indeed IO-fold larger than those for cu,-mediated inhibition of adenylyl cyclase (Tsu et al., 1995b,c) . Using the &opioid receptor as an example, we examined the dose-response relationship between [o-Pen*@-Pen'lenkephalin (DPDPE) and AC-II stimulation in PMA-treated cells. In 293 cells coexpressing AC-II and the &opioid receptor, after PMA treatment, DPDPE stimulated CAMP accumulation in a dosedependent and saturable manner (Fig. 6) . The resultant EC,, SC L. ,.., f ".I -10 -9 -8 -7 -6 log IDPDPEI (Ml value for DPDPE was 6 nhr. This figure closely resembles that for DPDPE-mediated stimulation of phospholipase C (Tsu et al., 1995b) and is substantially higher than the EC,, of DPDPEinduced inhibition of CAMP accumulation. The higher EC,, value supports the notion that the PMA-permissive, Gilinked stimulation of AC-II is mediated via /?r subunits.
To ascertain that /3-y subunits are involved in the G,-mediated stimulation of AC-II after PMA treatment, we exploited the ability of transducin (a,) and PARK to bind /3r subunits. Both (Y~ and PARK can block py-mediated responses by scavenging free /3-y subunits (Federman et al., 1992; Koch et al., 1994) . Cotransfection of 293 cells with AC-II, at, dopamine-D,, and mlmuscarinic receptors produced cells in which dopamine did not potentiate the ability of CCh to stimulate AC-II (Fig. 7) . Furthermore, coexpression of (Ye partially inhibited the ability of CCh to stimulate CAMP accumulation (Fig. 7) . In contrast, dopamine significantly enhanced the CCh response when at was omitted in the transfection (Fig. 7) . These results are indicative of the full and partial involvement of /+y subunits in mediating the Gi-and G,-linked stimulation of AC-II, respectively.
Using a similar approach, we attempted to demonstrate the ability of PARK,,,-,,, (a truncated form of PARK that has been shown to bind /3r subunits tightly) to prevent the stimulation of AC-II by G,-coupled receptors. In 293 cells, we were unable to demonstrate blockade of G,-mediated stimulation of AC-II by P~Km-m, reproducibly. Nevertheless, coexpression of PARK,,,-,,, with AC-II, the dopamine-D,, and ml-muscarinic receptors in COS-7 cells caused a loss of dopamine-induced enhancement of the CCh-stimulated CAMP accumulation (Fig. 7) . These results in COS-7 cells are consistent with the idea that by removing free Py subunits, PARK,,,-,,, effectively abolished the ability of G,-coupled receptors to stimulate AC-II. The observed differences between 293 and COS-7 cells are presently undefined.
DISCUSSION
Among the multiple isoforms of adenylyl cyclases cloned to date, the type II and IV isoforms are unique for their positive responsiveness to G-protein P-y subunits. Previous reconstitution (Tang and Gilman, 1991) and transfection (Federman et al., 1992) studies have established that the stimulation of AC-II by P-y subunits requires the presence of activated a,. Simultaneous activation of G, and either Gi or G, would elevate intracellular CAMP to levels much greater than that seen with any one of these G-proteins alone. Indeed, activation of Giproteins alone does not induce CAMP formation.
The AC-II thus serves as a molecular switch for the integration of coincident signals (Lust& et al., 1993) . The present finding that PMA can alleviate the need for activated (Y, and allow fly subunits to stimulate AC-II indicates that the control for AC-II is complex and multifactorial. Although 'in this scenario stimulation of AC-II is completely independent of G,, it should be noted that the level of CAMP accumulation observed is only a small fraction of that attainable by G, activation (Fig. 1) . Thus, even though G, is not absolutely essential, it remains one of the most potent activators of adenylyl cyclase. The locus of the PMA action remains to be determined. One of the defined targets for PKC is AC-II itself. Numerous studies have confirmed that AC-II serves as a PKC substrate and that its activity is stimulated after phosphorylation (Jacobwitz et al., 1993; Yoshimura and Cooper, 1993; Jacobwitz and Iyengar, 1994) . Some of the G-protein 01 subunits have also been demonstrated to serve as substrates for PKC. Both (Y~ (Katada et al., 1985) and 01, (Lounsbury et al., 1991) can be phosphorylated by PKC. However, neither o(, nor the By subunits contain potential phosphotylation sites for PKC. The functional significance of phosphorylating the o( subunits of Gi and G, remains unclear. Because neither (Y~ nor (Y, stimulates AC-II (Taussig et al., 1994) , any gain of function after phosphorylation by PKC is unlikely to activate the type II isozyme. In fact, one would expect to see an inhibition of AC-II activity if PKC-mediated phosphorylation activates the o( subunits of Gi and G,. By the same analogy, loss of function of these phosphorylated (Y subunits might lead to increased CAMP accumulation attributable to removing the inhibitory control. It has been reported that ai can inhibit AC-II and that this inhibitory effect can be abolished by PKC-mediated phosphotylation (Chen and Iyengar, 1993) . It is conceivable that an increase in CAMP production by AC-II could be caused by the removal of inhibitory control by PKC-mediated phosphorylation; but this would only occur if there was constitutive suppression of AC-II activity in the absence of phorbol esters. Moreover, such a mechanism does not explain the stimulatory effects on AC-II by agonists acting on G,-coupled receptors. The most plausible explanation is that PMA-induced activation of PKC leads to the phosphorylation of AC-II, and this modification somehow allows the flyinteracting domain of the enzyme to become responsive. Residues 956-982 of AC-II are critical for regulation by By subunits (Chen et al., 1995) , whereas the putative PKC-responsive region has been assigned to the C terminus (Levine and Reed, 1995) . Although the /3 y-interacting and the PKCphosphorylation sites are far apart in the primary amino acid sequence of AC-II, their topology may be significantly closer in the tertiary structure. Only by analyzing the crystal structure of AC-II may one be able to resolve this problem.
Given that Gi-and G,-regulated pathways can converge on AC-II, several interesting situations, as depicted in Figure 8 , may arise. A single receptor that can activate both Gi and G, should be able to stimulate the activity of AC-II in a partially PTX-sensitive manner. For instance, the thrombin receptor is capable of coupling to both Gi-and G,-proteins (Hung et al., 1992) and receptor activation may lead to the activation of PKC, thereby allowing Py subunits released from Gi to stimulate AC-II further (Fig. SB) . The a!,-adrenergic receptor is another receptor that is known to possess the ability to interact with both Gi-and G,-proteins (Conklin et al., 1992) . The G,-dependent pathway for the activation of PKC can be circumvented by the /3y-sensitive phospholipase C p isoforms (Camps et al., 1992; Smrcka and Sternweis, 1993 (Fig. SA) . However, because the activation of phospholipase C by Pr subunits is much less efficient than that by LY~/cY,,, stimulation of AC-II via this mechanism is unlikely to produce large increases in intracellular CAMP. In neutrophils, the fMLP receptor is predominantly coupled to G,-proteins (Gierschik et al., 1989) , and after binding to fMLP the formation of inositol phosphates is increased and is accompanied by a slight elevation in CAMP levels (Simchowitz et al., 1980) . A single hormone or neurotransmitter may bind to two distinct receptor subtypes that are coupled to Gi and G,, respectively (Fig. SC) . The muscarinic, serotonergic, and a-adrenergic-receptor systems contain multiple receptor subtypes that are coupled to either Gi-or G,-proteins.
Reports on the stimulation of CAMP accumulation bv these neurotransmitter receptors are abundant. Finally, the ability of Pr subunits to stimulate AC-II in the presence of activated PKC provides a mechanism by which two disparate receptor systems can integrate their signals in the form of intracellular CAMP (Fig. SD) . As demonstrated in Figure 4 , simultaneous activation of two different receptor systems (e.g., dopaminergic and muscarinic) can be detected by a cell because of their synergistic actions on AC-II.
We predict that other pairs of G,-and G,-coupled receptors may have the ability to activate AC-II in a synergistic manner. For example, endogenous cholecystokinin has been reported to enhance the analgesic potentials of opioids in the CNS (Noble et al., 1993) . Because the cholecystokinin receptors are coupled to Gq/G,,-proteins in the regulation of phospholipase C, and because opioid peptides have been shown to stimulate CAMP production (Cruciani et al., 1993) , it is conceivable that AC-II may act as the point of signal convergence in neurons in which both receptors are colocalized with AC-II.
Three lines of evidence strongly suggest the involvement of Pr subunits in mediating the synergistic effects of phorbol esters and G,-coupled receptors on AC-II. First, coexpression of functional /+y complexes and AC-II produced cells with greater responsiveness to PMA. Second, in line with most fly-mediated responses, high concentrations of agonists acting on the G,-coupled receptors are required for the PMA-permissive stimulation of AC-II. Third, the synergistic effect can be abrogated by the two known scavengers of P-y subunits (at and PARK). It is noteworthy that the blockade by PARK could not be demonstrated reproducibly in 293 cells. The PARK,,,-,,, fragment contains the pleckstrin homology domain, which is implicated in the binding of P-y subunits (Touhara et al., 1995) . PARK,,,-,,,, also harbors a putative site (T542; four residues upstream of the putative py-binding domain) for phosphorylation by PKC, and recent studies have shown that phorbol esters can indeed alter the function of PARK (Chuang et al., 1995) . Perhaps PKC-mediated phosphorylation of PARK can eliminate its ability to bind Pr subunits and that in 293 cells the phosphorylation state of /3ARK can be better maintained.
Preconditioning
by PKC-mediated phosphorylation of AC-II can dictate whether a signal from a G,-coupled receptor will be transformed into a rise in intracellular CAMP. We predict that many Gi-and G,-coupled receptors can and do produce synergistic effects on AC-II in neuronal tissues.
